Members of the MADS-box gene family control reproductive development in higher plants. In cucumber, floral development exhibits several interesting features related to a genetically determined sex-expression mechanism, that affects the differentiation of male and female flowers. In this study, three cDNA homologues of the homeotic gene AGAMOUS have been cloned from early-stage floral buds of Cucumis sativus and fully sequenced. Their expression was studied by Northern analysis using two contrasting sex genotypes, an androecious line and a gynoecious one. The three genes are expressed at low levels at earlier bud stages, the levels rising as the bud matures. Two of the clones, CAG1 and CAG3, are expressed in the third and fourth whorl of mature flowers, while CAG2 is restricted to the carpel; none is expressed in leaves. The transcript levels do not appear to be modulated by gibberellin or ethephon, two treatments that alter sex expression in cucumber. While MADS-box genes probably play an essential role in cucumber floral development, as they do in other plants, our findings may imply that the pathway leading to reproductive organ arrest in cucumber unisexual buds acts independently of MADS-box gene expression.
The homeotic gene AGAMOUS encodes a transcription factor essential for reproductive organ development in plants. Since its isolation by Yanofsky et al. (1990) , it has played a pivotal role in the study of flower development (Meyerowitz 1994) . AGAMOUS is a member of the MADSbox gene superfamily whose representatives (over 100 published sequences) are also found in the other Eukaryotic kingdoms (rev. TheiBen et al. 1996) . In plants, most of the MADS-box genes are expressed in reproductive organs, where they control different stages of inflorescence, flower and floral-organ development. They can be classified to distinct sub-families according to their amino acid se-
The nucleotide sequences reported in this paper have been submitted to the GenBank under accession numbers AF022377 (CAGl), AF022378 (CAG2) and AF022379 (CAG3). 1 To whom correspondence should be addressed. 2 Present address: Section of Plant Biology, University of California, Davis, CA 95616, U.S. A. quences, their expression domains and their functions (TheiBen et al. 1996 , Purugganan et al. 1995 , Doyle 1994 . Several MADS box genes are expressed in vegetative organs, and may be involved in vegetative organ development, e.g. Rounsley et al. (1995) .
Genetic and molecular data have led to the formulation and continued elaboration of the "A, B, C model for flower development " Meyerowitz 1991, Weigel and Meyerowitz 1994) , which describes how specific combinations of homeotic-gene functions give rise to specific floral organs in the four whorls of a flower. For example, the AGAMOUS gene and its functional homologues provide the "C" function required for both stamen and carpel formation in the two inner whorls, while B-function genes such as APETALA3 or DEFICIENS specify petals and stamens. MADS-box genes often have additional functions. AGAMOUS is responsible for determinacy of the flower, and also has a late-function in the development of ovules. Complex interactions exist among different MADSgenes, and between these and other regulatory genes. Consequently, research on mechanisms controlling the expression of MADS genes (e.g. Meyerowitz 1997, Goodrich et al. 1997) , and the genes controlled by MADSgenes genes (e.g. Ito et al. 1997 , is very active.
Plants that produce unisexual flowers-i.e. monoecious and dioecious plants-have acquired mechanisms to suppress the development of either male or female organs in a particular whorl Calderon-Urrea 1993, Grant et al. 1994 ). Our laboratory is interested in flower development in Cucumis sativus, a monoecious plant in which sex expression was extensively studied at the genetic and physiological level (rev. Frankel and Galun 1977, Malepszy and Niemirowicz-Szczytt 1991) . The embryonal flower bud has both stamen and ovary primordia Galun 1960, Goffinet 1990 ), but later (in most varieties) a unisexual flower develops. Sex expression along the cucumber main shoot typically follows three phases: a male phase with only staminate flowers, a mixed phase, and a continuous-female phase. Hormonal treatments, notably ethylene and gibberellin application, result in sexphase changes or in alteration of specific bud fates (Fuchs et al. 1977 , Rudich et al. 1969 .
Interactions between sex-determining genes may result in sex types other than monoecious, e.g. gynoecious (allfemale), or androecious (all-male) plants. The inheritance of sex expression in cucumber has been elucidated, (e.g. Galun 1961 , Kubicki 1969 . Three main genes, F, M and/I account for most sex-phenotypes, and recently an ACC synthase gene has been mapped to the F-locus (Trebitsh et al. 1997) , suggesting that alteration in ethylene levels may control the sex-phase shifts along the plant shoot. Nevertheless, the molecular-developmental cascade leading to the final change in floral architecture, i.e. the arrest of stamens or carpels to create the unisexual flower, is not yet undestood. We have prepared a pair of cDNA libraries from male and female floral buds of cucumber of an early developmental stage. We set to study MADS-box gene homologues in cucumber, in order to see whether such genes are expressed in developing unisexual flowers, and whether they could play a role in the selective differentiation of one type of sexual organs and the arrest of the other type. Here we report the full sequences of three /4G>lMO£/S-homologues from cucumber buds, and provide data on their expression patterns in two contrasting sex genotypes.
Materials and Methods
-Plant material-Two cucumber lines of similar genetic backgrounds were provided for this study by Prof. E. Galun and Mr. S. Niego, Department of Plant Genetics, Weizmann Institute of Science: "Female Elem"-a gynoecious line (genotype FF.MM, AA) and "Erez"-an androecious line (genotype ff,MM,aa). Buds were sorted according to developmental stages, frozen on dry ice and stored at -70°C.
RNA extraction-Messenger RNA for construction of cDNA libraries was extracted directly from tissue homogenates using adsorption to oligo-dT cellulose (Invitrogen, U.S.A., FastTrack kit protocol), and total RNA was extracted according to a modification of Logemann et al. (1987) for Northern analysis.
Construction of male and female bud cDNA libraries-A pair of cDNA libraries was prepared in our laboratory and used for this study, from 1 mm long floral buds of the gynoecious (female) and androecious (male) genotypes. Libraries were constructed in the A-ZAP II vector (Stratagene) according to manufacturer's instructions, using 5 fxg of mRNA as starting material and poly-T-based primer for reverse transcription. Libraries of good size were obtained: female library-400,000 primary plaques (before amplification), male library-1.3 x 10 6 primary plaques. These were amplified and stored. Over 96% of the plaques contained inserts with a fair size-distribution.
Screening of cDNA libraries-Libraries were plated and screened according to manufacturer's instructions. Duplicate membranes were prepared and hybridized, following standard procedures (Ausubel et al. 1987) , to the full-size AGAMOUS cDNA plasmid pCIT565 received from Dr. E. Meyerowitz, Caltech. Hybridization was carried out overnight in 5 x Denhardt's, 5 x SSPE, 0.5% SDS at 53°C, followed by washes in 0.5% SDS, 0.5 x SSC at 53°C and exposure to X-ray film. Following a second screening to isolate single plaques, Bluescript plasmid subclones were obtained by in vivo excision in the presence of helper phage (Stratagene manual).
Sequence analysis-Automated sequencing was performed using an ABI automated sequencer and the Taq DyeDeoxy Terminator Cycle sequencing kit (Applied Biosystems). Vector-derived primers were used first; additional internal primers were synthesized by Clontech. Several deletion clones were prepared as well, to reach internal parts of insert with the vector-primers. For sequence comparisons and alignment we used the GCG computer programs GAP and PILEUP of the University of Wisconsin, Madison's Genetics Computer Group Package (Devereux 1989) . The sequences reported in this paper have been given the following Genbank accession numbers AF022377, AF022378, AF022379. Cluster analysis with other MADS-box genes was performed using the PROTDIST and NEIGHBOR programs of the PHYLIP software package; bootstrap analysis to test the significance of treenodes by random resampling of the data was performed using the SEQBOOT and CONSENSUS programs of the same package (Felsenstein 1993) .
Northern blots-RNA was separated on agarose-formaldehyde gels (Ausubel et al. 1987 ) and blotted to Nylon membranes (Magna, MSI). Hybridization was in 0.33 M sodium phosphate pH7, 10 mM EDTA, 5% SDS, 170 ^gml" 1 sheared salmon DNA and 10% Dextran sulphate, at 65°C overnight, followed by washes at 65°C in 2 x SSPE, 0.5% SDS, for 40 min, and 0.5 x SSPE, 0.5% SDS, for 15 min. Radiolabeled plasmid inserts that did not include the highly conserved MADS-box region were used as probes. These were prepared from a CAG1 £coRI deletionclone retaining CAG1 nucleotides 488-1142; a CAG2BamHl deletion-clone retaining nucleotides 322-1000; and a CAG3 Bglll subclone, nucleotides 553-1160. To visualize total RNA, membranes were stained with methylene blue (Sambrook et al. 1989) . When staining was not sufficient, blots were rehybridized at 60°C to a wheat 25 S rRNA probe (subcloned from pTA71, Gerlach and Bedbrook 1979) .
Southern analysis with genomic cucumber DNA-Genomic DNA was extracted by a modification of Dellaporta et al. (1983) . DNA (5^g lane" 1 ) was restricted, electrophoresed through a 1% agarose gel, and blotted onto Genescreen Plus membranes (DuPont) by alkaline blotting (Ausubel et al. 1987) . Hybridization was at 68°C in 5 x SSPE, 5 x Denhardt's, 1% SDS, lOO/igml" 1 salmon sperm DNA (Ausubel et al. 1987) . Blots were washed at increasing stringency up to 65°C in 0.1 x SSC, 0.1% SDS. Radiolabeled plasmid inserts that did not include the MADS-box region were used as probes.
Ethephon and gibberellin treatments-Plants in the third leaf stage were sprayed with growth-regulators at the concentrations used by breeders for sex-reversal treatments (S. Niego, personal communication). Gibberellin treatment consisted of a single 0.5 g liter" 1 GA 3 treatment (Gibbrlon, Fine Agrochemicals, U.K.). Ethephon (2-chloroethyl phosphonic acid, AGAN Chemical Manufacturers, Israel) was applied as a single treatment at a 1.2 mM concentration, with the addition of 0.1% Tween 20 as wetting agent.
Results
Isolation and sequence analysis of AGAMOUS-like cDNAs from cucumber-We have prepared floral bud cDNA libraries from two cucumber inbred lines, a gynoecious one (genotype FF.AA.MM) that produces exclusively female flowers, and an androecious line (genotype ff.aa.MM) producing only male flowers. The mRNA for the libraries was extracted from 1 mm-size buds, the smallest we were able to collect. At this stage the buds are morphologically bisexual, with equally-developed primor-dia of both stamens and carpels Galun 1960, Goffinet 1990 ); important developmental "decisions" regarding sex expression may therefore take place at this stage.
The full AGAMOUS cDNA (including the conserved MADS box) was applied at moderate stringency to probe the cDNA libraries. Six positive clones were isolated from the female bud library and divided into classes, based on restriction mapping and partial sequencing. Three were selected for further study. These were designated CAG1, (for Cucumis AGAMOUS), CAG2 and CAG3, and have been fully sequenced on both strands. Fig. 1 shows the decoded amino acid sequences of the three cDNAs. It is apparent that one of our clones, namely CAG2, is identical to CUS1, a cucumber cDNA from embryogenic callus that has been reported recently (Filipecki et al. 1997) . CAG2 is longer than CUS1 by 13 nucleotides at the 5' end, and unlike the latter has a poly-A tail; a few minor nucleotide substitutions distinguish these two independently-derived sequences, possibly reflecting small varietal differences between the source-plants, but none affects the encoded protein sequence, which is 100% identical.
The three CAG clones appear closely similar to each other and to the Arabidopsis AGAMOUS gene, and appear to contain full-length open reading frames (the clones have 102-186 nucleotide-long sequences upstream of the MADS-box glycine residue). CAG I has a methionine directly preceding the MADS-box, similar to several homologues from other plants. In CAG2 the MADS box is preceded by 25 amino acids that only vaguely resemble other sequences, while in CAG3 three methionines precede the MADS box. We assume the first one to be the start codon, because the following 17 amino acids are rather conserved, e.g. with the tomato and snapdragon homologoues, that lack the intermediate two methionines (Pnueli et al. 1994 , Bradley et al. 1993 . We have aligned the amino acid sequences of our clones with those of Arabidopsis MADS box genes, representing the three major MADS-gene sub-families, AGAMOUS (a C-function gene) APETALA1 (an A-function gene) and APETALA3 (a B-function gene). Table 1 summarizes the degree of homology among these sequences in the conserved MADS box and K box domains, and in the intermediate region between them. All three clones contain a MADS box that is almost identical to the AGAMOUS MADS-box. An additional region of high conservation is the K-box, with 62-80% amino acid identity among the three CAGs and AGAMOUS. APETALA1 and APETALA3 share much lower sequence homolgy with our clones, proving that CAG 1-3 are true members of the AGAMOUS sub-family within the MADS box superfami-
iy-
Genomic organization of CAG clones-Subclones of the three CAG cDNAs lacking the conserved MADS-box were prepared and applied as probes at high stringency to Southern blots of genomic DNA of the gynoecious line, digested with restriction enzymes (Fig. 2) . Each probe detects, under these conditions, a single band in most of the digests, suggesting that each mRNA is encoded by a single locus. Gene-specific patterns are evident in some of the enzymatic digests, e.g., EcoRl and Xbal, suggesting that the cDNA sub-clones can be used as gene-specific probes. Upon application to Northern blots, gene-specific patterns were probably obtained, since we detected differential floral organ expression between CAG2 and the other two clones (see below). On the other hand, when the full length inserts of CAG1-3 were hybridized to genomic blots, even at 65°C, the three probes produced rather similar banding patterns, with 3-4 major bands and a few additional, weaker ones (not shown). This indicates that we are unlikely to find in the cucumber genome additional genes with similarly high homology to the AGAMOUS subfamily. Expression in floral buds of different stages-Northern analysis was undertaken, to characterize the stages at which CAGl, CAG2 and CAG3 are expressed during male and female bud development. Cucumber buds of the two genotypes were sorted according to their size (1 mm-bisexual stage, 2-3 mm-stamen primordia enlarge in male buds, ovary elongates in female buds) and external markers for more advanced stages (emergence of green petals; yellow petals; anthesis). Stages have been described by Goffinet (1990) and Atsmon and Galun (1960) . Fig. 3 portrays the expression of CAG2 and CAG3 in buds of the two genotypes. Expression of CAG2 is undetectable in the earlier stages, and is first noticed in 4-5 mm female buds, where a transcript of approx. 1 kb is seen. Transcript levels are maintained in larger buds and are still present at an- Total RNA (10 n% lane" 1 ) was extracted from male and female cucumber buds of different developmental stages, from young buds of 1 mm to mature flowers, separated on a denaturing agarose gel and transferred to a nylon membrane. Smaller buds are indicated by size in mm; gc-emergence of green corolla from sepals, yccorolla becomes yellow (2 d before anthesis). A leaf sample is shown as well. The blot was hybridized to CAG fragments at 65°C, in a 10% dextrane sulfate buffer, and washed in 2x SSPE, 0.5% SDS for 30 min, and in 0.5 x SSPE, 0.5% SDS for 15 min at 60°C, then exposed to X-ray film for 3-7 d with two intensifying screens. Blot was re-hybridized to a wheat rRNA probe as a gelloading control.
thesis (based on normalisation of signal with respect to total RNA loading). No transcript is detected in staminate (male) buds and flowers.
female male female
The CAG3 probe detected transcripts of about 1 kb in both female and male bud samples. In pistillate floral buds it first appears in the 4-5 mm stage, and is maintained until anthesis. In staminate flower buds, expression begins earlier, attains somewhat higher transcript levels and decreases towards anthesis. CAGl had expression patterns similar to CAG3; therefore, only CAG2 and CAG3 blots are shown here. None of the three transcripts is detected in leaves of either genotype (a gynoecious leaf sample is shown in Fig. 3) .
Expression in floral organs-Mature flowers of both sexes (harvested at anthesis and the preceding day) were dissected, and RNA was extracted from each organ type. Samples included sepals (with fused petal tissue); petals; stamens; carpels including ovary and pistil; and nectaries, which in cucumber form a ring of nectariferous tissue around the pistil of female flowers, and at the center of staminate flowers. Northern analysis (Fig. 4) indicated that CAGl was expressed in the carpel and nectary of female flowers, and in stamen and nectary of male flowers. No transcript was detected in sepals or petals. CAG3 was similarly expressed in the stamens, carpel and nectaries, with the strongest signal being detected in nectaries of both sexes, and a expression in the stamens was markedly stronger than in the carpel. The latter two genes are thus expressed in both sexes, in the third and fourth floral whorls. Expression pattern of the third clone were strikingly different. CAG2 is only expressed at rather low levels in the carpels of pistillate flowers, in agreement with the lack of signal in male buds (Fig. 3) . CAG2 is thus a female-specific clone. Lanes contained 10MS total RNA from sepals (with some fused corolla), petals, stamens and nectary from the androecious genotype ("male") and sepals (with fused corolla), petals, carpel and nectary from the gynoecious genotype ("female"). A. Hybridization to CAG probes, under the conditions specified in Fig. 3 . B. Ribosomal RNA staining by methylene blue.
Hormonal treatments did not affect CAG transcript levels-Ethylene or ethephon applications to monoecious
and androecious cucumbers result in feminization, i.e. the production of female flowers on otherwise male nodes, while gibberellin treatments induce male flowers on gynoecious genotypes (reviewed by Frankel and Galun 1977) . We asked whether such treatments would induce a change in transcript levels of .»4G/lMO£/S-homologue mRNAs in cucumber apices. For example, would a feminizing treatment elevate the CAG2 (female specific) transcript-or decrease CAG1 or CAG3 transcript level in male buds? Shoot apices at the third-leaf stage were treated with ethephon and gibberellin solutions at concentrations used by breeders to reverse the sex of breeding lines. After predetermined periods, shoot apices were sampled for RNA extraction, along with untreated controls. The apices that we harvested contained a mixture of bud-stages, including young buds at a responsive, "bisexual" stage, in their unfolded leaf-axils. A few plants from each treatment were allowed to grow for verification of treatment efficiency, and the appearance of flowers from the opposite sex was monitored. Indeed, the treatments caused the appearance of visibly "reversed" flowers from buds that developed from the treated apex. Figures 5 and 6 show that neither ethephon nor gibberellin produced an early, detectable change in the transcript levels of CAG2 and CAG3 after short (1.5 and 3 h) periods in either the male or female genotypes. We have also examined samples taken after longer periods (e.g., 2 d) following treatment, but no change could be detected; similar results were also obtained with and an androecious ("male") lines were sprayed with 500 ppm GA 3 . Apices were sampled after 1.5 h (Gl) and 3 h (G2), and from untreated plants (C). Total RNA (10^g lane" 1 ) was subjected to Northern analysis with the CAG2 and CAG3 probes, and with a wheat rRNA control, as specified in Fig. 3. CAGJ (not shown). On the other hand, when we later examined visibly-differentiated buds that developed from the hormone-treated apices, female specific expression of CAG2 became apparent (Fig. 7) . Male flowers that developed on gynoecious plants as a result of gibberellin applica- and an androecious ("male") lines were sprayed with 1.2 mM ethephon. Apices were sampled after 1.5 h (El) and 3 h (E2), and from untreated plants (C). Total RNA (10/^g lane" 1 ) was subjected to Northern analysis with the CAG2 and CAG3 probes, and with a wheat rRNA control, as specified in Fig. 3. rRNA Fig. 7 Expression of CAG2 in floral buds that differentiated following sex-reversal treatments. Gm-male buds, 5-7 mm (emergence of green corolla) that developed on gibberellin-induced gynoecious plants; m-male buds, 5-7 mm, from untreated androecious plants; Ef-female buds, 6-10 mm (emergence of green corolla) that developed on androecious plants following ethephon treatment; f-female buds, 6-10 mm, from untreated gynoecious plants. Northern blot contained 20fig total RNA lane" 1 ; hybridization and rRNA stain were as specified in Fig. 3 . tion had undetectable CAG2 transcript levels, while female flowers that differentiated on ethephon-treated androecious plants expressed CAG2 at the same level as untreated female buds.
Discussion
A family of AGAMOUS-like mRNAs is expressed in cucumber floral buds-Three different AGAMOUS-like mRNAs were cloned from a cucumber early-stage bud library. According to their sequence, and to their expression patterns, which are restricted to floral reproductive organs, the clones belong to the AGAMOUS subfamily of MADS-box genes (TheiBen et al. 1996 , Purugganan et al. 1995 , Doyle 1994 . Each of the clones could also be identified by its banding patterns on a genomic Southern blot, indicating a single locus for each. Additional homologous genes (probably bearing less similarity to AGAMOUS) may yet be present in the cucumber genome, according to the multiple weaker bands revealed by Southern hybridization at lower stringency. Map position of MADS-box genes has been determined in Arabidopsis , tomato (Pnueli et al. 1991) and Maize (Mena et al. 1995) . The corresponding loci were found to be dispersed along the chromosomes in these three cases. We have hybridized CAG1 and CAG3 as RFLP probes to a mapping population of a related species, Cucumis melo, and observed no linkage between the two genes (Perl-Treves and Silberstein, unpublished results).
At the 1 mm, bisexual stage and in female buds at the 2-3 mm stage (when differential enlargement of sex organs begins) transcript levels of all three genes are barely detectable on Northern blots. We know however that a low level of transcript is present at this stage, since the clones originated from a library of 1 mm buds-consistent with the putative role of such genes in the early establishment of organ identity. Later on, expression becomes stronger and persists throughout bud development to anthesis. It is well established that homeotic gene expression persists at later stages, where genes like AGAMOUS perform additional developmental functions, or a "maintenance function" (Bowman et al. 1991 , Schwarz-Sommer et al. 1992 . Such multiplicity of early and late roles is observed also in homeotic genes of Drosophila (e.g. Akam and MartinezArias 1985) . In Arabidopsis, the question of different molecular roles at different stages was addressed directly by Sieburth et al. (1995) , using natural and engineered agamous alleles that imparted a separation of third whorl from fourth whorl specification, and from flower determinacy. The hypothesis that different threshold levels of the AGAMOUS product are required for different functions is raised by the authors. It may also explain our observation of continued and elevated expression of the Cucumis homologues beyond the early organ-specification stage, where the lowest levels of the gene product may be sufficient.
CAG genes have distinct patterns of expression in floral organs-CAG I and CAG3 exhibit "classical" AGAMOUS-like expression in mature flowers: the transcripts are detected in stamens, carpels and the neetary, the latter structure developing from the pistil base in female flowers, or the pistillodium in the male flower (Goffinet 1990) . Expression patterns of CAG1 and CAG3 were rather similar, but more detailed analysis in the future may reveal differences between them. In Petunia, two AGAMOUS-like genes, pMADS3 and FBP6, are expressed in the two inner whorls (Angenent et al. 1993 , Tsuchimoto et al. 1993 , while in tomato and Arabidopsis only one A GAMO US-sub family member with third and fourthwhorl expression has been identified (Pnueli et al. 1994 ). The pair of AGAMOUS orthologues, ZAG1 and ZMM2 found in maize may reflect its tetraploid origin .
The third cDNA isolated, CAG2, is not expressed as an ^IG/lMOC/S-orthologue, but has a carpel-specific expression pattern. The same mRNA was cloned in a parallel study from a cucumber embryogenic callus cDNA library by Filipecki et al. (1997) , and designated CUS1. Expression analysis of CUS1 complements our findings: the transcript was followed in the transmitting tissue and surrounding the ovules of mature female flowers and developing fruits. It was also localized to the radicular side of heart stage somatic embryos, disappearing at the torpedo stage.
Female-specific genes of the AGAMOUS subfamily have been isolated from other plants as well. A duplicated pair of maize MADS box genes, ZAG2 and ZMM1 was reported , Schmidt et al. 1993 ) that is expressed only in carpels starting at an early primordial stage, and persists in developing ovules and silks. A pair of Arabidopsis genes, AGL1 and AGL5, is also specific to developing carpels and ovules (Savidge et al. 1995) , while a third gene, AGL11, is specifically expressed in ovules . Two Petunia genes, FBP7 and FBP11 prove to be functionally related to ovule development, and determination of ovule identity: when the latter was ectopically expressed in whorls 1 and 2, naked ovules formed on the surface of sepals and petals. The authors suggest an added "D function", for ovule identity, to the "ABC model" and discuss the role of FBP11 and FBP7 and their interaction with AGAMOUS , Colombo et al. 1995 . Further research is however required to elucidate the roles of such single-whorl MADS-box genes.
Phylogenetic relationship with other members of the AGAMOUS subfamily-We performed cluster analysis of the three CAG clones and 16 AGAMOUS homologues using the same sequence portions (the MADS fragment and subsequent 110 amino acids) as in Theifien et al. (1996) . Two MADS-box genes, APETALA1 and APETALA3, rep-resenting the two other subfamilies were included as well. We wished to determine whether the distinction between CAG2, and other female-specific AGAMOUS-like genes, and the true>lG^4MC>f/S-orthologues, expressed in both inner whorls, is reflected at the primary sequence level. The phylogenetic analyses by co-workers (1995, 1996) Peptide sequences including the MADS box and the subsequent 110 amino acids were aligned using the PILEUP program (GCG). Pairwise genetic distances between them were computed by the Dayhoffs PAM algorythm using PROTDIST (PHYLIP), and the shortest dendrogram was computed using NEIGHBOR (PHYLIP), using the Neighbor-Joining option. Tree nodes were subjected to Bootstrap analysis using SEQBOOT, NEIGHBOR and CON-SENSE (PHYLIP). Nodes appearing in the majority of the replicate-trees are indicated by the percent-ratio of the trees that included them. The following sequences were included: CAG1, 2 and 3-this study; Arabidopsis AG (GeneBank number S10933), API (Z16421), AP3 (A42095), AGL11 (U20182), AGL5 (E39534) AGL1 (A39534); Petunia FBP11 (X81852), FBP6 (X68675), FBP7 (X81651), PMADS3(X72912); snapdragon PLENA (S53900); tobacco NAG1 (L23925); tomato TAG1 (L26295); sorrel RAP1 (X89107); Silene SLM1 (X80488); Brassica BAG1 (M99415); maize ZAG1 (LI8924), ZAG2 (X80206), ZMM1 (X81199) and ZMM2 (X81200). the two-whorl AGAMOUS clones from different dicot families do cluster quite tightly, the female-specific ones appear as a diverse group. The,4G-rike genes from monocots clustered "aside" from their monocot counterparts.
Our cluster analysis using the NEIGHBOR (NeighborJoining) algorithm (Fig. 8) indicated that CAG3 and CAG2 are more similar to cognate genes such as AGAMOUS and PLENA, while CAG1 is more distant from them. CAG2, the female specific clone, is more similar in its primary sequence to CAG3 than to other female-specific genes such as AGL1 and AGL11, while CAG1 seems somewhat more similar to certain female-specific genes than CAG2. The high degree of conservation within the subfamily does not allow us to draw firm phylogenetic conclusions, and the question remains, whether the appearance of a fourth-whorlrestricted AGAMOUS homologue predated speciation, or occurred independently, and recently, in different plant lineages. The latter possibility is compatible with the lack of distinct clustering of /4G-homologues according to their whorl-specificity, and by the clustering of all the monocot sequences, either female-or two-whorl-specific, separate from the dicot ones.
The possible relationship between the evolution of highly variable floral structures in the plant kingdom and the evolution of MADS-box genes, is discussed by TheiBen et al. (1996) and . For example, in Rumex flowers, two whorls of sepals and no petals are found, and such structure correlates with a confinement of B-function gene expression to the third whorl (Ainsworth et al. 1995) , suggesting that sepaloid petals may have evolved by modifying the expression domains of such genes. Expression-pattern modification may result from a change in the promoter of the MADS-gene, or from changes in its coding sequence: mutations in the MADS box and/or Kbox may alter the protein-protein interactions required for transcription in a given cell type. Since even subtle changes in the coding sequence may yield different expression patterns and modify floral architecture, phylogenetic analysis of the coding region may not correlate fully with the divergence of functions observed within the AGAMOUS subfamily. Experimental support for this view was provided by the study of Sieburth et al. (1995) , where AGAMOUS expression patterns changed as a result of a point mutation in the K box. On the other hand, the diversification between the major MADS-box gene subfamilies is ancient, clearly predating speciation between monocots and dicots, and is clearly reflected in the primary amino acid sequences of the proteins.
Possible relationship between MADS-box genes and sex expression-In cucumber, developmental programs of sex expression lead to the formation of unisexual flowers, and we asked whether such flowers are "designed" by modulating the expresssion of floral organ-identity genes. For example, lack of y4G-like expression in whorl 3 or 4 at a criti-cal stage may suppress further development of organ primordia in that whorl. One way to address this question in a future study would be to correlate the precise timing of organ-arrest with the expression of MADS-box genes in a developing bud. This would require in situ detection of the transcript in the vestigial organs that are arrested in the unisexual flower. This approach was undertaken in the dioecious plants sorrel (Rumex acetosa, Ainsworth et al. 1995) and white campion (Silene latifolia, Hardenack et al. 1994) . In sorrel, B-function gene transcripts disappear from stamen primordia as their growth is arrested in pistillate flowers, and C-function transcripts disappear from arrested fourth-whorl regions of male flowers, and from stamen primordia of female flowers. Although such coincidence may indicate a causal relationship, it is still impossible to determine whether transcript decrease caused the arrest or vice-versa. In Silene, the opposite-sex primordia develop to a more advanced stage, and C-class transcripts persisted in the arrested gynoecium of male flowers, probably indicating that the developmental arrest is unrelated to the expression of MADS-box genes. Also in maize (Schmidt et al. 1993 ) the expression of ZAG1, an AGAMOUS orthologue, persists in arrested stamen primordia.
In cucumber, sex expression can be affected by hormone application, and endogenous hormone levels may be implicated in the process. We have attempted in this study to detect changes in CAG transcript levels following gibberellin and ethephone treatments. However, no early change was observed on Northern blots of shoot apices or buds of androecious and gynoecious plants that were treated with hormone concentrations known to induce a marked phenotypic change in flower sex. Only after visible sex reversal has taken place, the hormonally induced male and female buds exhibited female-specific CAG2 expression, indicating that such expression is indeed specific to carpel development, and not to the particular genotype. CAG gene products are probably required for the initiation and maintenance of stamens and carpels; this study does not, however, implicate the three genes examined as part of a "sex-expression cascade" that responds to external (and probably also internal) hormonal stimuli. We may suggest that sex-hormones, which alter the developmental program of arrested floral organs, do not act by inducing a change in CAG gene expression, and that the mechanism of organ arrest may not involve the elevation or repression of a particular CAG transcript. This conclusion is however tentative, because a transient or very localized change in transcript level following the hormonal treatment would have passed unnoticed in Northern analysis, and would require in situ hybridization or promoter-reporter assays to be detected. Morover, MADS-box gene products may be affected by sex-hormones at a post transcriptional level, e.g. by affecting another regulatory protein that interacts with the CAG gene product. In any case, the cDNA clones characterized in this study will serve as important molecular tools to further understand the modulation of floral structures during cucumber sex expression.
